Mechanisms that favor Hepatitis C virus (HCV) persistence over clearance are unclear, but involve defective innate immunity. Chronic infection is characterized by hepatic iron overload, hyperferraemia and hyperferittinaemia. Hepcidin modulates iron egress via ferroportin and its storage in ferritin. Chronic HCV patients have decreased hepcidin, while HCV replication is modified by HAMP silencing. We aimed to investigate interactions between HCV and hepcidin, during acute and chronic disease, and putative alterations in cellular iron homeostasis that enhance HCV propagation and promote viral persistence. Thus, we used HCV JFH-1-infected co-cultures of Huh7.5 hepatoma and THP-1 macrophage cells, HCV patients' sera and Huh7 hepcidin-expressing cells transfected with HCV replicons. Hepcidin levels were elevated in acutely infected patients, but correlated with viral load in chronic patients. HAMP expression was up-regulated early in HCV infection in vitro, with corresponding changes in ferritin and FPN. Hepcidin overexpression enhanced both viral translation and replication. In HCV-infected co-cultures, we observed increased hepcidin, reduced hepatoma ferritin and a concurrent rise in macrophaghic ferritin over time. Altered iron levels complemented amplified replication in hepatoma cells and one replication round in macrophages. Iron-loading of macrophages led to enhancement of hepatic HCV replication through reversed ferritin "flow." Viral transmissibility from infected macrophages to na€ ıve hepatoma cells was induced by iron. We propose that HCV control over iron occurs both by intracellular iron sequestration, through hepcidin, and intercellular iron mobilisation via ferritin, as means toward enhanced replication. Persistence could be achieved through HCV-induced changes in macrophagic iron that enhances viral replication in these cells.
Introduction
HCV is a positive-stranded RNA virus of the Flaviviridae family. Increased intracellular iron may be linked to enhanced HCV IRES-dependent translation, since cellular factors implicated in promoting HCV translation bind specifically to HCV RNA in an iron-dependent manner. 1, 2 In contrast, the effect of iron on HCV replication is obscure, with opposing data from in vitro studies that describe either promotion or inhibition of HCV replication in the presence of exogenous iron. [3] [4] [5] In clinical studies, about 30-40% of chronic HCV patients possess elevated serum iron, ferritin and transferrin saturation. 6 A correlation between increased cellular and systemic iron levels and HCV patients with poor prognosis and severe deterioration in liver metabolic processes has been previously reported. 6 However, it remains unclear whether there is any correlation between HCV replication and increased intrahepatic or serum iron in chronic HCV patients.
Hepcidin is a 25 aa cysteine-rich bioactive peptide found in human serum and urine. 7 It is mainly synthesized by hepatocytes and to a lesser extent by monocytes, macrophages, adipocytes and brain cells. Hepcidin represents the key peptide hormone that modulates iron homeostasis by binding to the only known cell surface non-haeme iron exporter FPN and causing its internalisation and degradation, thus inhibiting iron efflux. and macrophages. Therefore, hepcidin inhibits iron absorption by the duodenum and macrophage-dependent iron recycling. It is moderately expressed in hepatocytes, where the extent of its involvement in iron mobilisation from hepatic stores is unknown. 9 Despite references to FPN-independent mechanisms for hepatocyte iron export, there is at least enough evidence to implicate FPN in hepatic iron homeostasis, under certain conditions such as dietary iron deficiency. 10 Interestingly, functional genomic screening for cellular cofactors of HCV replication underscored the absence of hepcidin as deleterious for successful viral replication. 11 Thus, the link between altered iron state and HCV infection could be hepcidin, due to its role as a potent regulator in iron homeostasis. However, in most cases, hepcidin was found suppressed during chronic HCV infection, 12, 13 possibly because of ROS-mediated reduction in HAMP gene expression. 14 On the other hand, HCV-driven inflammation may counteract ROS-induced hepcidin repression, since elevated IL-6 stimulates HAMP gene transcription. 15 This second level of dichotomy merely stresses our incomplete understanding of the nature of the interactions between HCV and iron homeostasis at various disease stages. Therefore, the present study aims to delineate putative interactions between the virus, hepcidin and other cellular components of systemic iron homeostasis that may play a significant role in HCV life cycle.
Results

HAMP gene expression is up-regulated in early HCV infection in vitro
Perplexed by the literary conflict concerning hepcidin levels in HCV infection, [11] [12] [13] 16 we examined HAMP gene expression in vitro, using the JFH-1 infectious system. Thus, we infected Huh7.5 hepatoma cells that were harvested at early (6 h -4 d) and established (8 d) intervals p.i. Subsequently, qRT-PCR and ELISA tests were performed for RNA and secreted peptide levels. HAMP mRNA increased progressively from 12 h to 4 d p.i., with peak levels 8-fold higher than the baseline of mock infected cells, then plummeted to approximately 40% of control on the eighth day (Figs. 1A1 and 1A2). NS3 mRNA was measured in order to monitor infection progress. Furthermore, hepcidin secreted peptide levels were increased maximally at 3 d -4 d p.i. However, they did not mirror the extraordinary changes observed in mRNA, instead they peaked 2-3-fold compared to control and remained stable until 8 d p.i. (Fig. 1B1) . ELISA measurements at 12 d -16 d p.i. revealed that the great mRNA decline at 8 d p.i. was belatedly translated to decreased protein (data not shown). Hepcidin peptide expression did not change significantly in mock-infected cells with time ( Fig. 1B2) .
Consequently, we investigated FPN and ferritin expression during HCV infection. Western blotting in whole cell extracts from HCV-and mock-infected Huh7.5 cells showed that FPN levels were decreasing with time ( Fig. 2) while an increase at 8 d p.i. suggests that FPN regulation may be hepcidin-independent during established infection. Moreover, we observed an early increase in ferritin expression that would slowly decline and reach a minimum at 2 d p.i., when NS3 expression peaked, then a gradual rise toward 8 d p.i. (Fig. 2 ). This distinct pattern may be partially explained by increased hepcidin and reduced FPN, more so after the first 2 d p.i.. Core expression was used to monitor viral infection (Fig. 2) .
HAMP overexpression enhances HCV translation and replication in hepatoma cells
We hypothesized that the iron dependency of HCV IRES 1, 2 might be fulfilled through an HCV-orchestrated manipulation of iron homeostasis. To test this hypothesis, we engineered the H21 hepcidin-expressing hepatoma cell line. Compared to V24 control cells, this cell line demonstrated a 12-fold increase in HAMP mRNA expression (Fig. 3A1) , which resulted to a 4-fold induction in secreted peptide (Fig. 3A2) . Secreted hepcidin of the correct molecular weight, as compared against purified recombinant peptide, 17 was immunoprecipitated successfully with a monoclonal hepcidin-specific antibody (Fig. 3A3) .
H21 hepcidin-overexpressing and V24 control hepatoma cells were electrotransfected with in vitro transcribed RNA from the plasmid coding for the replication-defective HCV replicon DGND, which expresses firefly luciferase under the instruction of HCV IRES. Cells were harvested between 4 h -48 h, when HCV translation was expected to have finished, and subjected to luciferase activity assays. t.. Subsequently, we used a replication-competent HCV replicon (wt) in order to investigate the effect of hepcidin overexpression on HCV replication. Fig. 3B2 shows significantly elevated luciferase activity in H21 extracts 2 d p.t., when HCV replication peaked according to infected hepatoma NS3 levels (see Fig. 1A1 ). Similar data were produced with a different hepcidin-expressing Huh7 clone (data not shown).
Are macrophages involved in a hepcidin-mediated advancement of HCV propagation?
Iron storage and recycling are largely mediated by macrophages. 18 To examine whether they act as "elicitors" of hepcidin production and promote HCV propagation upon infection, we co-cultured HCV JFH-1-infected Huh7.5 cells with differentiated THP-1 macrophages, for 6 h -4 d. Both cell lines were subjected to HAMP mRNA qRT-PCR, while supernatants pooled from upper and lower chamber were used to measure secreted hepcidin peptide by ELISA. Fig. 4A1 shows that when compared to the hepatoma monoculture system (Fig. 1A1 ), Huh7.5 cells expressed approximately twice as much HAMP mRNA in the presence of macrophages, with a faster 'turnover' in HAMP gene transcription that shifted the RNA peak from 4 d in the Huh7.5 monoculture to 2 d p. i. in the co-cultured Huh7.5 cells. Notably, NS3 levels indicated swifter HCV replication cycles in the presence of macrophages (Fig. 4A1 ) than in infected hepatoma cells alone. Finally, there was a gradual significant induction of macrophagic HAMP gene expression that would double with every new peak in NS3 mRNA levels. Notably, in mock-infected cells, we observed slight increases in HAMP gene transcription, which we attributed to continued cell growth (Fig. 4A2 ). HAMP mRNA was not fully translated into protein, with a modest 1.5-to 2-fold elevation in hepcidin secreted peptide (Fig. 4B1) . Still, they mirrored the RNA shift toward earlier times of infection. There was no overall change in secreted hepcidin peptide (Fig. 4B2) .
Next, we assessed FPN and ferritin protein expression by Western blotting. FPN expression clearly declined during late infection in both cell lines (Fig. 5) , pointing toward functional hepcidin secreted by the co-culture system. Conversely, ferritin followed an inversely proportional pattern of expression between hepatoma cells and macrophages. Increased during the early 12 h p.i. in both cell lines, it dropped thereafter in Huh7.5 cells, while it kept accumulating dramatically in THP-1 cells (Fig. 5) . Biochemical measurements carried out on an Abbott biochemical analyzer verified the observed ferritin pattern at 12 h -24 h p.i. for Huh7.5 cells (88.6 and 21.0 mg/dl, respectively), as well as 6 h -12 h for THP-1 cells (32.7 and 129.5 mg/dl, respectively). Overall, there is a fundamental difference in hepatoma ferritin expression between the monoculture and co-culture system, in that, in the former, ferritin recovered after the peak of HCV replication (2 d p.i.) had been reached.
Finally, we investigated whether the elevated iron content in THP-1 macrophages could not only support infection, as reported elsewhere, 19 but also viral replication. qRT-PCR analysis of macrophage mRNA revealed the presence of NS3 mRNA and its sharp increase at 1 d p.i. (Fig. 6A1 ). Immunoblotting showed successful translation into NS3 peptide 24 h later (Fig. 6A2) . The above unexpected data suggested that iron manipulation via HCV-mediated induction of HAMP gene expression resulted in multicycle intrahepatic replication and a single round of intramacrophagic replication.
Iron-loading of THP-1 macrophages results in enhanced HCV replication in Huh7.5 cells. A role for ferritin?
Given that in our co-cultures there was a phenomenal increase in THP-1 iron stores (see Fig. 5 ), we wondered whether these ferritin-loaded immune cells would act as ferritin-mediated iron donors 20 and procure any HCV replication alterations in newly infected Huh7.5 cells. However, differentiated THP-1 macrophages have a limited life span in culture, which prohibited their extended use for a second 4-day infection cycle. Therefore, freshly differentiated cells, plated in hanging inserts, were loaded with inorganic iron. Iron-loading was examined by Western blotting of ferritin expression (data not shown). The inserts were subjected to extensive rinsing with phosphate buffer saline, so that residual FAC would be removed, before being placed on top of freshly JFH-1-infected Huh7.5 cells. Upon cell harvest, we measured HCV NS3 expression in hepatoma cells. Fig. 7A1 demonstrates an extraordinary, statistically significant up-regulation in NS3 levels in the presence of FAC-loaded macrophages, starting at the first day p.i. This resulted in increased NS3 translation, 24 h earlier than achieved in hepatoma cells co-cultured without FACloaded macrophages (Fig. 7A2 ). These profound changes in HCV replication were accompanied by a ferritin "flow" from THP-1 to Huh7.5 cells very early in infection, between 6 h-1 d (Fig. 7B) , that was supported by intracellular iron measurements (data not shown). Additionally, increased ferritin, assisted in prolonging and enhancing viral replication within macrophages themselves (Fig. 7C) .
Interestingly, THP-1 cells co-cultured for 2 d with JFH-1-infected Huh7.5 cells were able to infect a na€ ıve Huh7.5 population in a 3-day indirect co-culture experiment. The THP-1 cells had been previously rinsed thoroughly with cold phosphate buffer saline, so that any viral particles found on the cell membrane would be effectively removed. Iron-loaded macrophages promoted more efficient HCV infection of the hepatoma cells that resulted in higher NS3 expression at least for the first 2 d p.i. (Fig. 7D) .
Finally, given that HCV infection spurs liver inflammation 21 and IL-6 is a positive regulator of HAMP gene expression 15, 22 we monitored IL-6 levels by qRT-PCR in co-cultured THP-1 and infected Huh7.5 cells, in the presence and absence of iron loading. IL-6 mRNA was originally noted in hepatoma cells at 12 h p.i., but was then decreased to background. Subsequently, it peaked at 1 d p. i. in macrophages, but was abolished later (Suppl. Fig. 1) . Notably, iron loading resulted in a statistically significant difference in top IL-6 levels in both cell populations, possibly linking iron toxicity to inflammation; however these changes levelled out later in the time course (Suppl. Fig. 1 ).
Differential hepcidin regulation in HCV patients. Dependence on viral infection parameters
In our hands, HAMP gene expression has been shown consistently increased during early HCV infection with the laboratory strain JFH-1, then dropped as infection progressed. Given the conflicting results reported in literature, which refer mostly to chronic HCV infection, 12, 13 we suspected that hepcidin increase may be more relevant to acute infection than chronic infection. Therefore, we determined hepcidin serum levels in 7 acutely infected (A) and 20 chronic HCV patients by ELISA. Half of the chronic patients had high (H) and the other half low (L) viral load. Sera from 17 healthy donors (N) were used as control. The demographic data of the patients are recorded in Table 1 . Fig. 8 shows that when compared to healthy donors with an average hepcidin serum concentration of 27.3 ng/ml, both acutely infected and chronic patients with high viral load possess statistically significant elevated hepcidin levels of 81.0 ng/ ml and 39.2 ng/ml, respectively. Conversely, chronic HCV patients with low viral load had reduced hepcidin levels (11.5 ng/ml), as reported elsewhere.
12,13 A Spearman's correlation test conducted on our data, showed a strong positive relationship between viral load and hepcidin serum levels in chronic HCV patients (r s D 0.786, p < 0.005)
Discussion
In this study, we report novel cellular interactions between HCV and the host iron homeostasis and demonstrate the increase of hepcidin expression during early HCV infection in vitro. We have previously showed that HCV core induces HAMP gene expression in hepatoma cells 23 and this may also apply to early HCV infection. Conversely, upon established infection, hepcidin expression dropped in our in vitro model and in patient sera, 12, 13 in step with studies from chronic HCV patients with low intrahepatic HAMP mRNA 24 and decreased serum hepcidin, 12, 13 and earlier in vitro RNA data. 25, 26 Secreted protein expression was also increased throughout infection, albeit not as dramatically as mRNA. The latter may be due to post-transcriptional regulation of HAMP gene expression, including mRNA destabilisation 27 and secretion modulation. regulator in hepatocytes, 29 FPN was reduced during early infection. However, it recovered at 8 d p.i., despite constant hepcidin levels, but in correlation with increased ferritin, during that time. FPN and ferritin are translationally regulated by iron in liver, macrophages and intestine through binding of IRPs to an IRE element in their 5 0 -UTR. 30, 31 IRP2 is up-regulated by HCV, 25 while FPN internalisation and degradation may also be hepcidin-independent. 32 Therefore, we can not exclude the possibility that the observed FPN levels in our experiments may be due to a combination of regulatory mechanisms employed by HCV. Ferritin, on the other hand, was elevated early, dropped at 2 d p.i., when HCV replication peaked, and started increasing again in accordance with hepcidin levels. This expression pattern could imply HCV-mediated manipulation of intracellular iron content through hepcidin modulation, so that the virus secures higher propagation levels. We tested this hypothesis by using a non-replicating sub-genomic replicon in hepcidin-overexpressing hepatoma cells and observed significantly enhanced HCV translation. Thus, inasmuch as hepcidin regulates intracellular iron, either through FPN or an alternative unknown hepatocyte-specific mechanism, our data agree with previous studies that have demonstrated increased HCV IRES function in iron-loaded cells. 1, 2, 33 Others were unable to discern an association between iron and HCV translation, 34 but this discrepancy may be due to varied experimental conditions and cellular systems used. Furthermore, hepcidin overexpression resulted in significantly elevated HCV replication levels at 24 h -48 h p.t. This interval coincides with the substantial decrease in ferritin following infection and could signify a viral need for iron. Although past research showed that hepcidin suppressed HCV replication, acting as an antiviral agent, 26 our data remain in agreement with researchers who suggested a positive regulatory role for hepcidin on HCV replication. 3, 11 Macrophages induce hepcidin transcription in Huh7 cells, 22 while macrophagic hepcidin may regulate iron uptake and release in an autocrine manner. 35 Furthermore, the role of macrophages in HCV infection is obscure, with altered cytokine and chemokine profile upon infection. 36 We investigated putative interactions between macrophages, HCV and iron by utilizing an indirect co-culture system of THP-1 macrophages with Huh7.5 hepatoma cells. Such in vitro systems have been extensively used to unravel cellular communication through soluble factors 37 , including hepcidin, 22, 38 as well as other aspects of liver/macrophage biology. 39 Evidently, hepatoma hepcidin expression was increased faster in the co-culture than the monoculture system. Furthermore, macrophagic HAMP mRNA was induced gradually throughout the time course, closely linked to NS3 expression. The early increase in hepcidin expression was accompanied by a faster HCV replication pace in hepatoma cells and evidence for low levels of replication in macrophages. In line with these results and our previous observations about the existence of HCV negative strands in PBMCs isolated from HCV patients, 40 several studies offer evidence for intramacrophagic HCV. 19, 41, 42, 43 Surprisingly, we observed cell-specific changes in ferritin expression in the co-culture system that could be perceived as a ferritin "flow" from hepatoma cells to macrophages. Previous studies have recorded elevated ferritin protein expression in THP-1 macrophages upon HCV infection. 19 Thus, it is possible that HCV-mediated hepcidin modulation, fine-tuned by the crosstalk between the cell populations, may affect iron content in the co-cultured cells in such a way that intramacrophagic HCV replication and the establishment of a viral reservoir are promoted. Despite the fact that the very existence of long-term occult extra-hepatic HCV reservoirs is strongly debated, 44 they would explain several clinical manifestations of the disease, like HCV persistence and recurrence following treatment or liver transplantation. 40, 45, [46] [47] [48] [49] Due to their role in iron homeostasis, reticuloendothelial macrophages, including Kupffer cells, may be full of iron at any given time. 18 Iron loading of co-cultured macrophages resulted in enhanced HCV replication in both cell populations. Importantly, a reversed ferritin "flow" was recorded very early in infection from macrophages toward hepatoma cells. Such mobilisation of iron intercellularly, could boost HCV replication in liver cells, while iron-loading itself, promoted HCV propagation in macrophages. The release/secretion and uptake of ferritin from both hepatocytes and macrophages, which may be controlled by extracellular stimuli, has been proposed before, 10, 50, 51 as has the notion that ferritin acts both as an iron carrier and iron storage protein. 52, 53 Combined with the HCV-mediated increase in hepcidin, these data indicate that the virus may use both hepcidin-dependent and independent pathways to manipulate iron homeostasis and set up a macrophagic reservoir that would permit viral transmission, at least in vitro. Attesting to that notion was the ability of macrophages taken from HCVinfected co-cultures to "de novo" infect na€ ıve hepatoma cells. Notably, iron-loaded macrophages conferred higher infectivity, as compared to control cells. Earlier experiments demonstrated that viral particles shed from infected hepatoma cells could infect na€ ıve hepatoma populations in a cell-free manner. 54 However, we provide data for the first time to the best of our knowledge, that HCV uses macrophages as an intermediate host in an in vitro cell culture system. (see Fig. 9 for a schematic representation of our proposed model).
It has been shown that HCV blocks the establishment of a cytokine "storm" during acute infection, with only a minimal elevation in IL-6 levels at 17 d p.i. 55 We recorded a significant increase of hepcidin in sera of acutely infected HCV patients. Despite the fact that alanine aminotransferase levels in those patients were indicative of pronounced liver inflammation, a prominent role for IL-6 in enhanced hepcidin expression during acute infection is debatable. This is in agreement with our in vitro data, where enhanced IL-6 expression in the presence or absence of iron was abolished earlier than the observed changes in hepcidin expression. Surprisingly, increased serum hepcidin in chronic HCV patients was dependent on high viral load. Few studies have mentioned such an association, with no clear reference to viral load levels in chronic HCV patients and contradictory data concerning the relationship between HCV viraemia and hepcidin expression. 12, 24, 56 On the other hand, our observation hints at a putative differential regulation of hepcidin by the virus depending on its replication capacity and, in that respect, is in accordance with the hepcidin levels observed in our in vitro model.
In conclusion, we propose that HCV conditionally up-regulates HAMP gene expression both in vitro and in vivo, depending on viral parameters such as infection acuteness and increased viral load. In turn, induced hepcidin expression was correlated to enhanced HCV translation and replication in vitro. The ability of the virus to control iron levels in order to achieve more efficient replication both by intracellular iron sequestration, through Figure 9 . Schematic representation of putative interactions between HCV and the iron homeostasis network in hepatomamacrophage co-cultures. We used an indirect hepatoma-macrophage co-culture system to simulate the co-existence of Kupffer cells and hepatocytes within the liver sinusoid. Upon viral egress, HCV particles infect a neighboring hepatocyte in a cell-free manner through specific plasma membrane receptors or in a direct cell-to-cell route via gap junction proteins (depicted by thick arrows). Iron is stored intracellularly in ferritin, leaves the cell through iron exporter ferroportin and circulates in blood bound to transferrin, or secreted ferritin. Hepcidin is produced by both hepatocytes and macrophages and regulates iron homeostasis via degradation of ferroportin, thus keeping iron within the cell. In our model, HCV mediated hepcidin up-regulation in hepatoma cells and accompanying macrophages, resulting in reduced ferroportin, elevated ferritin and iron levels intracellularly very early in infection. Later, a ferritin "flow" was observed from hepatoma cells toward macrophages (double pointed arrows). Hepcidin overexpression enhanced HCV translation and replication, and accompanied low levels of viral replication within macrophages. The ferritin "flow" could be reversed following macrophagic iron loading, which promoted enhanced viral replication in both cellular populations, as well as infection of na€ ıve hepatoma cells through particle shedding (showed by a thick arrow).
hepcidin, and intercellular iron mobilisation, via ferritin, portrays a novel role for iron homeostasis that could provide a mechanistical insight for viral persistence. Alterations in the iron network may promote the utilization of macrophages as viral reservoirs that can infect hepatoma cells through viral particle shedding and assist further with viral propagation.
Materials and Methods
Materials
Human sera were obtained from chronically HCV infected patients with high and low viral loads who had not received previous treatment, patients with acute HCV infection and healthy blood donors, following their consent and approval by the Ethical and Scientific Committee of Hippokration Hospital of Athens.
The antibodies used were: b-actin (MAB1501, Millipore), Ferroportin 1 (MTP11, Alpha Diagnostics), ferritin (A0133, Dako) and HCV-NS3 (1B6, Adipogen). The polyclonal HCV-1a core antibody used in this study has been described elsewhere. 57 Huh7.5 and Huh7-Lunet cells were supplied by Dr R. Bartenschlager (University of Heidelberg, Germany).
Cells lines and co-cultures
The hepatoma cell lines used were maintained in Dulbecco's modified Eagle medium (high glucose for Huh7.5/ Huh7-Lunet and low glucose for Huh7 cells) supplemented with 2 mM glutamine, 10% (v/v) heatinactivated foetal calf serum and 100 U/ml penicillin/ streptomycin and non-essential aminoacids. THP-1 monocytes were fed with RPMI 1640, supplemented as above, and differentiated to macrophages with 0.16 mM phorbol 12-myristate 13-acetate for 24 h.
A Huh7 stable cell line expressing hepcidin (H21) was generated by electrotransfecting 3 mg of linearized pCDNA3.1 plasmid that contained the prohepsidin coding sequence. 17 The transfected cells were grown in the presence of medium with 500 mg/ml G418 and individual clones were obtained by limited dilution. An empty vector cell line (V24) was also constructed, using just pCDNA3.1.
For the indirect co-culture experiments, Huh7.5 hepatoma cells, seeded in the appropriate multiwell plates, were overlaid with hanging inserts (Greiner) that did not allow cell-cell contact. THP-1 macrophages were seeded on the top surface of the inserts at hepatoma:macrophage ratio of 5:1, which resembles normal livers with standard resident macrophage populations. 58 Iron loading of THP-1 macrophages was achieved by incubation with 100 mM FAC for 24 h prior to them being placed above Huh7.5 cells. Trypan blue exclusion assay was performed to ascertain that iron-mediated cytotoxicity resulted in the death of less than 1% of cultured cells at all times.
Viruses and RNA transfections
Viral infections of permissive Huh7.5 cells with the JFH-1 infectious clone were carried out essentially as described in ref. 59 at multiplicity of infection D 1. The protocols used for in vitro transcription of the pFK-I 341 PI-Luc/NS3-3 0 /JFH1 (wt) and the corresponding non -replicating construct (DGND), 60 as well as transfection of the RNA transcripts into the H21 and V24 cell lines, are described in ref. 61 Briefly, 100,000 cells/well were seeded in 48-well plates 24 h prior to the experiment. Cells were electrotransfected with 10 mg RNA and equal amounts of carrier t-RNA. Following transfection, cells were harvested at the appropriate time points and subjected to luciferase and b-galactosidase activity determinations with commercially available kits (Promega). Luciferase activity was normalized to b-galactosidase activity in order to yield RLA. Each transfection was carried out at least 3 times in triplicate, unless otherwise stated.
mRNA and protein expression analyses
Total cellular RNA and protein were isolated simultaneously using the dual NucleoSpin Ò RNA/protein kit (Macherey -Nagel), according to manufacturer's instructions. Then, the RNA fraction was subjected to qRT-PCR, essentially as described in ref. 23 The gene specific primers used for HAMP, 18S rRNA, IL-6 and NS3-2A have been published elsewhere. 23, 59 Results were analyzed with the internal standard-curve method and normalized to 18S rRNA to provide the relative mRNA expression. In all PCR experiments, unless otherwise stated, the relative mRNA expression of mock (mean § SD) was set as 100% or fold-change and all other values were depicted as a ratio of this.
The protein fraction was subjected to protein determination with the Protein Quantification Assay (MachereyNagel). 40 mg of cell lysates were used in Western blotting, as published before. 23, 59 Gel photographs presented in each figure panel are representative results from samples that were derived from the same experiment and processed in parallel. All experiments were performed at least in triplicate.
Secreted hepcidin levels were quantitated ELISA, as stated in refs. 23, 59 The percentage change in protein expression of the control cells was set as 100% and all other values were a percentage of the control, except when absolute peptide concentration values were measured in ng/ml. The assays were repeated at least 3 times in quadruplicates.
Statistical analysis
Unless otherwise shown, statistical analysis was performed between mock and treated cells using One-Way ANOVA and Student's t-test. A Spearman's correlation test was carried out to investigate a putative correlation between viral load and hepcidin levels in chronic HCV patients. In all cases p-value 0.05 were considered as statistically significant (*, p-value 0.05; **, p-value 0.005). 
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